INTRODUCTION
Polyamides (PA) and polyethylene terephthalate (PET) are complex engineering polymers used for a wide range of industrial applications in bulk and fibrous forms [1] . In such roles the material has to exhibit high resistance to crack initiation, which imparts high toughness to un-notched materials [2, 3] . Many studies have been carried out on PA and PET in order to identify the relationship between microstructure and macroscopic mechanical properties [3] [4] [5] [6] [7] . Theses fibres are used in the moorings of ships, ropes, straps, belting and in tyre reinforcement. In these applications the fibres are subjected to severe loadings which can induce a fall of mechanical properties, associated with a phenomenon of fatigue. Fatigue failure in thermoplastic fibres was identified more than thirty years ago [8] but the micro/nanostructural processes governing such behaviour remain the source of speculation. It is known that thermoplastic fibres such as PA 66 and PET fail by similar fatigue processes involving distinct stages of crack growth leading to distinctive fracture morphologies.
The present study examines and compares the behaviour of PA 66 (previously published in detail [9] [10] [11] ) and PET fibres under fatigue loading until fracture and the correlation between the fibre (nano)structure and structural heterogeneity, with fatigue lifetimes. Comparison will be extend to two very different fibres, PP (poly(propylene)) a viscoelastic material and PBO (poly(p-phenylenebenzobisoxazole), an elastic high modulus material [7] . Emphasis is given to the comparison across the fibre of the structural differences between the fibre core and surrounding skin and to understanding the transformations induced by "cold" drawing of a "precursor" (large diameter fibres taken just after the spinneret before final drawing). Single fibres were mounted in the grips and were loaded in a Universal Fibre Tester [12] , and the fibres were submitted to different strain levels up to their fracture and their Raman spectra in situ recorded. In addition, some fibres, which had been broken during fatigue tests, have been analysed at points ahead of the fatigue crack tip. Studies in which Raman microspectroscopy has been applied to single fibres are, however, relatively few [13] , especially those with a spatial resolution able to compare the fibre skin and core characteristics. None of these works discuss the relationship between the polymer nanostructure and the failure behaviour.
EXPERIMENTAL
Polyamide 66 (the diameter of single fibres was about 30 µm), Poly(ethyleneterephthalate) (diameter ~20μm) and its precursor (diameter ~350 μm) and poly(propylene) (diameter ~50 μm) and corresponding precursor (same diameter) were studied. Raman vibrational analysis was performed on single fibres extracted from the yarn as described in refs [10, 11] . These previous studies demonstrated that the size applied to the fibre surface during manufacture does not contribute to the Raman spectra in the analysed wavenumber ranges. A "XY" spectrographs (Dilor, Lille, France) equipped with a double monochromator filter and a back-illuminated, liquid nitrogen-cooled, 2000 x 256 pixels CCD detector (Spex, Jobin-Yvon-Horiba Company) was used to record Raman spectra between 10 and 2000 cm -1 , using 514.5 (PA 66, PET, I-PP) and 647.1 nm (PBO) exciting lines (Ar + -Kr + laser). The power of illumination ranged between 1 mW and 10 mW. Backscattering illumination and collection of the scattered light were made through an Olympus confocal microscope (long focus Olympus x50, x80 or x100 objective, total magnification x500, x800 or x1000).
Although PET and PA66 fibres show rather similar mechanical behaviours with a 3-regime stress-strain plot (Fig.1) , the PP fibre curve exhibits a 2-regime behaviour with a very large viscoelastic plateau. The fibres also have different densities (i.e. number of chemical bond per volume unit). The rather large strains obtained with some of these fibres under imposed strain conditions has required the use of a Universal Fibre Tester described in refs [10] [11] [12] with a fixed grip and a mobile grip (Fig. 2a) . A single fibre was first stuck on a paper frame using neoprene glue (Fig. 2a) which was cut before the experiment. The laser was focused through the microscope objective and the same objective used to collect the scattering light. The different strain levels were applied on single fibres at a loading strain rate of 100 %.min -1 , i.e. a speed of the mobile grip of 1.6 x 10 -2 s -1 . After stabilisation of the viscoelastic behaviour (about 5 minutes), i.e. stabilisation of stress versus time, Raman spectra were recorded from t acq=0 to t end according to the procedure described in ref. [10] . The recording time ranged between ~600 (PET) and 3000 s (PA). The skin/core substructure was studied by linear scanning measurements (1D cartography) across the fibre diameter. The laser was focused on the fibre edges (spot size ~ 5 μm 2 , with a x 100 objective, i.e. x1000 magnification) and was polarised either parallel to the fibre axis (noted //) or perpendicular (noted ⊥) by changing the alignment of the fibre with respect to the spectrometer slit [11] . Consequently, although the stress/strain curve took a few tens of seconds to obtain, a Raman study of a fibre loaded at different levels up its fracture took several hours. At least 3 fibres are analysed for each type of fibre and measurements were made at several places along each specimen. Fibre precursors (Fig. 2b) were mounted on a second Universal Fibre Tester designed for larger strain values. Some drawing was also performed by hand. Fibres can be considered as being similar to a uniaxial crystal with C α symetry. As for any crystal, the different components of the polarisation tensor are obtained from measurement of the Raman spectra according to the different combinations of the crystal orientation vs the horizontal/vertical polarised laser beam and the direction of the measured scattered light [14] . The number of measurements varied as a function of the crystal symmetry, , e.g. from 6 for low symmetry to 2 for high symmetry Cα [15] . Note, the quality of the polarisation measurement is less good when measurements are made through a microscope and errors in intensity measurements arise from polarization scrambling due to reflection and refraction [14] . Thus we will only consider the bigger changes. Qualitative measurements of the orientational distribution function in poorly crystallized fibres (leading to poor polarised spectra) have been proposed, using the coefficients of Legendre polymonials, by different authors (see ref. [13] for a review) and recently used for silk fibres [15] . The baseline was first removed with Labspec™ (Dilor, France) and the spectra were decomposed with the ORIGIN™ software (MICROCAL™ Software, Inc., USA) as described in previous papers [11, 12, 16, 17] . The following assumptions are made : a single Raleigh line, Lorentzian shape for narrow peaks and a Gaussian form for broad peaks The Raman fingerprint of air (series of narrow peaks near 60 cm -1 ) is used as an internal standard and the fitting of these peaks is mandatory to describe precisely the Rayleigh wings. The intensity of the air signature is related to the number of bubbles or cracks in the analysed volume.
RESULTS

Choice of the Raman probes
In the past, most Raman studies have concerned only the middle wavenumber range, the bending domain and stretching modes [18] [19] [20] [21] [22] [23] . Information obtained from these modes is very local. High resolution instruments now make it possible to analyse the low wavenumber region, where modes have a collective character. This is obvious from the comparison of polarized spectra (Figs 3 and refs. [10, 11] ): the modes at about 80-100 cm -1 assigned to a lattice mode involving the translational/librational movement (T') of the chains of the unit-cell exhibit the stronger degree of polarization. Roughly speaking, this mode can be described as a translation of the whole chain with respect to adjacent ones. This mode involves modifications of the electron-richer bonds and hence gives rise to very strong peaks. The greater the number of atoms involved in the motion, the lower the wave number will be. On the other hand, inter-chain coupling will shift the peak toward high wavenumbers. These low wavenumber collective modes may be preferred for the study of the relationship between the chain structure and the macroscopic mechanical behaviour. On the other hand, the assignments of bending and stretching modes are well documented, especially their relationship with conformational changes [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Note, local modes such as N-H stretching mode can also a good source of information about the modification of neighbouring chains arrangements [9] [10] [11] 16, 17] . In Raman spectroscopy, the probe is the chemical bond itself (through the bond polarizability). Thus, as a function of the vibrational mode concerned, the analysis will be more or less sensitive to the local order/disorder, very local (0.2-0.5 nm) for stretching modes, larger for bending modes which reflect the disorder of neighbouring entities (0.5-1 nm) and largest for lattice/librational modes involving the motion of the whole vibrational unit (0.5-10 nm). This has a great importance in the understanding of the Raman signature of polymers. Fig. 5 shows a schematic view, in which chains are organized in different geometries. At the very local scale we can considered two types of chain: those with adjacent ordered chains (in "crystallites" but also in regions inside the circles, the so-called "oriented amorphous" region of X-ray studies [9] ) and chains with disordered neighbouring chains. In polymeric structures orientational bond disorder is less energetic than translational ones and it is rather difficult to discriminate between biphasic material (made of crystallites and of amorphous domains) and Hosemann' paracrystals (continuous orientational disorder, without origin or distinct borders ) [1, 11, 32] . Both cases lead to similar correlation lengths in X-ray diffuse scattering. Although the cut-off threshold will be different as a function of the vibrational probe (stretching, bending or collective modes), some data could allow the two above types of disorder to be discriminated. (Fig. 2b) , (hand)stretched precursors and standard single fibres. Strong modifications of the low wavenumber domains are obvious, with the appearance of two polarised peaks at ~73 and 129 cm -1 , the disappearance of the broad component below the ~860 cm -1 peak and the creation of the ~995, 1097 and 1185 cm -1 peaks (Fig. 6 ). All these modes involve the ring deformation and those with rising intensity have been assigned to crystalline, trans PET [25] [26] [27] [28] [29] [30] [31] 33, 34] , although the ~1175 cm -1 peak of the precursor has been associated to "amorphous" material. It is thus evident that drawing develops the trans conformation and increases both the crystallinity and the collective orientation of the chains: a plot of the relative 995 cm -1 peak area shows a drastic increase from 0.2 to 0.65 after 100% strain and then a slower rate up to 0.8 for 700% strain. The 898 cm -1 peak assigned to gauche conformation decreases accordingly. Note that during the hand drawing and diameter reduction (Fig. 2b ) the fibre temperature increased to ~60-80°C. Thus it is clear that the local temperature can be much higher in some locations, as a function of local structure, strain rate and heat transfer than the surrounding environment. Note also that the spectral changes seem more related to the drawing rate than to achieved strain. Comparison of the standard and extended fibre (see for instance the spectrum of the single PET fibre stretched at 630MPa in Fig. 6 ) shows that the degree of trans conformation decreases when the fibre is highly stressed, just before its fracture. Rather similar behaviour is observed for the PP precursor. Although polarization of precursor spectra is very poor, spectra of 500% stretched single fibre show a highly polarized fibre, according to a high orientation of the PP chain along the fibre axis. Nielsen et al. and Arrueberra de Baez [35] [36] have assigned the ~810 [r CH2 + ν C-C ] and [r CH2 ] ~840 cm -1 peaks to crystalline long and shorter helical chains, respectively. Thus a measure of the crystallinity/axial orientation of the chains can be made from the area ratio of these two bands for the two different polarization: n 1 =[A 841 /A 808 ] // / [A 841 /A 808 ] ⊥ = 1.5 in the precursor to 1.7 in the x 500 % stretched single fibre). However the low wavenumber signature leads to a more representative measurement of the long range ordering : n 1 =[A 100 /A 400 ] // / [A 100 /A 400 ] ⊥ = 0.9 in the precursor and 3.65 in the x 500 % stretched fibre. As a first conclusion, different tools are available to characterize the crystallinity and the chain orientation in the fibre section and along the fibre axis.
Fibre drawing and axial anisotropy of the chain arrangement
Skin/core heterogeneity
Because of its micronic spatial resolution, Raman microspectroscopy is a good technique to analyse specifically all kinds of single fibre sections [37] . The existence of structure and a symmetric residual stress gradient in the fibre section was demonstrated for the first time using micro-Raman spectroscopy in PA 66 single fibre and provides an explanation of fracture initiation mechanism [10, 11] . Recently synchrotron radiation appears as an alternative (but more expensive) method to obtain similar results in hair [38] and PBO single fibres [39] . Figs 7 and 8 show representative plots of the low wavenumber crystalline and amorphous components recorded along line scan across a fibre diameter for PA 66 and PBO single fibres and for PET precursors and single fibres. As shown in Fig. 4 , the low wavenumber Raman signature of "crystalline" chains is obvious, even for a material scientist without expertise in spectroscopy. The Raman signature of the crystalline material, and of non-distorted molecules, is a Lorentzian curve. The shape of the Rayleigh line wing can also be described using a Lorantzian. On the other hand, in disordered or glassy materials, in which there is a distribution of configuration, the envelope of all the Raman signature is usually described with a Gaussian curve. More complex band shapes are possible. We postulate that the signature of amorphous chains, homologous to the crystalline ones, will be present at lower wavenumbers, because the lower density of amorphous matter involves larger interchain distances and weaker energy for T' modes. In order to achieve a good description of the Raman spectrum we need to incorporate, in the fit, the signature of air (very narrow peak series with bandwidth determined by the instrument resolution, see for instance the I-PP spectrum in Fig. 4) . With this fitting procedure we can separate the contribution of amorphous and crystalline chains [11, 17] . A similar procedure can be applied to N-H stretching modes after isotopic dilution in deuterated materials [17] .
Largest variations are always observed in the signatures of amorphous chains but they differ with each type of fibre, and for the same material as a function of the mechanical (precursor/fibre stretching degree) or thermal treatment: for instance we observe a shift up of the wavenumber for the amorphous PA 66 chain in the fibre core from ~65-70 to ~95 cm -1 (Fig. 7a) , toward the position of the crystalline chains (ν = 100 cm -1 ). Accordingly, the FWHM decreases from ~65 cm -1 in the fibre skin to about 35 cm -1 in the fibre centre: the crystallinity is a maximum at the centre of the PA 66 fibre section [11] . The heterogeneity disappears after a thermal annealing above Tg [11, 40] . On the contrary a shift down is observed for PET fibre from the periphery to the fibre centre (Fig. 7b) . The bandwidths of both amorphous and crystalline signatures (Fig. 8) remain constant indicating that the wavenumber shift is due to a tensile residual stress of the amorphous chains in the core. PBO fibre section shows rather similar behaviour to that of PA 66 fibre: the bandwidth of the amorphous chain signature (described by the mean of a broad Rayleigh wing because the contribution cannot be separated from the Rayleigh peak) strongly increases in the fibre centre. This is consistent with texturing investigations made with X-ray scattering and micro-focus synchrotron beam [39, 41] which demonstrate that the rigid ribbon-like PBO chains are parallel to the fibre axis and form a radial fibrillar texture. Disorder is a maximum at the fibre centre. The line-scan cartography across fibre diameter provides an evaluation of the domain sizes to be assessed and the residual stress state [10, 11] .
Fibre extensometry -The relationship between nanomechanics and nanostructure
On the basis of chemical bonds, anharmonicity, any-stress induced interatomic distance alteration should change the atomic vibration wavenumbers. This is the principle of Raman extensometry [42, 43] . The empirical relationship between the strain-induced Raman wavenumber sfhift (Δν) to tensile strain (Δε) is linear [41] [42] [43] [44] [45] [46] [47] [48] [49] : Δν = S ε x Δε and the above equation is microscopically analogous to Hooke's law Δσ = E x Δε and Δν = S ε x (100 xΔσ)/Ε = S σ x Δσ Young's modulus is indeed the result, at the macroscopic scale, of the force constant of the various chemical bonds. Consequently, it has been established [48, 49] 
Following on from work previously reported for PA 66 fibres, the variation due to straining of the amorphous and crystalline chain low wavenumber signatures of PET and i-PP fibres was studied and compared. Very different behaviours are observed for crystalline and amorphous signatures. As for the stress/strain curve recorded using the Universal Testing Tester two or more important stages in the mechanisms of deformation can be seen in Fig.  9 . The initial plateau behaviour, observed for both crystalline and amorphous chains signature, is consistent with an initial alignment of the chains without energy dissipation up to a threshold which differs as a function of the molecular chain (PP ~50 MPa (5% of strain), PET ~300 MPa (4%) and PA 66 ~300-550 MPa (10-12%)) and also as a function of the fibre grade and producer (e.g. difference between PA 66-A and PA 66-B fibres [11] ). Marked differences also exist between amorphous and crystalline chains. Above this threshold two opposite behaviours are observed for the signature of crystalline chains : i) a very small increase in wavenumber is observed for PP and PET (followed by a plateau regime), indicating that the fibre stretch leads to a slight compression of the crystalline chains; ii) a small down-shift is observed for PA 66 fibre. These two opposite behaviours provide information about the structural arrangement, in particular the discrimination between biphasic and paracrystal models (see further). The downshift rates measured for amorphous chain signatures are given in Table 1 . The larger reactivity to the stress of the amorphous chains results from much larger S values. It is obvious that the S ε absolute value increases as the density and the glass transition temperature:
This rather large difference between S values highlights the difference in stiffness -and structure -of the amorphous chains/regions of PP and other fibres. The comparison of the macroscopic (Stress/strain plot) and nanometric (wavenumber shift versus applied strain) shows that stage threshold observed at the chain scale and at the macroscopic scale almost coincide : up to the stage 2-stage 2' transition, we observe a compression by matrix Poisson' effect of PET crystallites, then in stage 2', the amorphous chains are stressed gently and in stage 3 drastically up to the fibre fracture. We believe that the long duration of a Raman measurement makes it not possible to explore all the stage 3 because the fibre breaks earlier in the plateau of regime 3.
A chain arrangement such as that proposed by Oudet [2, 5] supposes that crystalline and amorphous chains are distributed in separate regions. Such an arrangement is consistent with the PET and i-PP behaviours where a up-shift or plateau is observed for crystalline chains although a down-shift is measured for amorphous ones. On the contrary, the PA 66 behaviour where crystalline and amorphous chains follow similar behaviours, but at different rates, is more consistent with a series arrangement as proposed by paracrystal [32, 50] and Prevorsek' s models and is consistent with the previous conclusions based on isotopic dilution studies [17] .
Origin of the fatigue
In Fig. 10a we compare the wavenumber shift measured for amorphous PA66 chains as a function of the applied strain (the example shown was obtained with fibre A [11] ) and measured at the fatigue fracture point (point B): it can be seen that the data measured at point B corresponded to the expected shift value if the accommodation due to the energyfree movement of the chain were suppressed. Fig. 10b shows the results from the measurements made close to the zone of rupture after fatigue. It can be seen that the differences in residual stress were very similar at points A and C. In contrast, large differences were observed at point B compared with the values measured in other places. This reveals that the amorphous chains have been compressed during the fatigue fracture (this behaviour is not observed for fibre cut with a razor blade or broken in tensile test [11] ) and that part of the stress is residual. During the fatigue, the amorphous chains/regions in the fibre lose compliance so that the covalent bonds in the main chains are repeatedly stressed during cyclic load. Observations of the fracture seem to indicate local heating according to the exothermic precursor stretching. The origin of this large remnant compressive stress can be found in the fast cooling taking place with the fibre fracture.
CONCLUSION
The micro/nano mechanisms of deformation and the property gradient, between surface and fibre core, have been investigated using low wavenumber Raman collective modes (~100 cm -1 ). The main roles played by amorphous domains and crystallites have been revealed and show the important contribution of the amorphous regions. This skin/core effect seems to vary with fibre type and grade/producer, because of the different thermomechanical steps during the manufacturing process. It is obvious that the first microns of the fibre skin experience different strains, temperature and cooling rate, etc. from the core of the fibre. Viscosity differences of short-chains and long-chain polymers will also affect their distribution in the fibre section at the spinneret exit. A residual compression stresses in skin can be evaluated using the relationship between wavenumber shift and applied strain (S σ ). Because of the different thermo-mechanical steps during the process the first tens of microns of the fibre experience different strains from the core of the fibre. The different stages observed on macroscopic stress/strain curves have been related to the different stages observed on the Raman extensometry plots. The latter behaviour could reflect the transition of the micro-mechanisms of deformation from a progressive alignment of amorphous macromolecules to an increase of nano-heterogeneities due to kink formation and stresses in entanglements. Differences or similarity in the behaviour of amorphous and crystalline chains have been used to assess the best schematic for the chain arrangements, This suggest that in polyamide fibres, where both components undergo down shift with stress, the crystalline, oriented amorphous and random amorphous phases are primarily in series (paracrystal model) although for PP and PET fibre a biphasic model fit well the differences in the behaviour of crystalline and amorphous components.
Analyses of the stress states ahead of the fatigue crack tip of PA 66 fibres have also confirmed that the effect of fatigue loading on the fibre structure extended a considerable way ahead of the crack. It has been shown that, during fatigue, the amorphous regions in the fibres lose compliance so that the covalent bonds in the main chains in the amorphous regions are repeatedly stressed during cyclic loading. Fig. 1 : Stress-Strain relationships for the studied fibres (PET,PA66 and I-PP). Comparison is made with a high modulus PBO (poly(p-phenylenebenzobisoxazole) and correlation between ultimate strength and density is given. [4] and Oudet [2, 5] where crystalline and amorphous chains are more or less organised in series (paracrystal) or in parallel (ordered domains). Ordered parallel chains (including those in the circles often called oriented amorphous phase) will be considered as crystalline chains from the Raman point of view [9, 10] . On the other hand, other chains will be considered as amorphous. Fig. 10 : a) Comparison between the amorphous wavenumber shift measured as a function of the applied stress and the core maximum wavenumber shift measured at the fatigue fracture point for PA 66 fibre ; b) example of the amorphous maximum wavenumber of the "T'" mode measured along line scan along the fibre axis from fracture B point (0 distance) to A point (~1000 μm) and symmetrically; fibre tested for 25x10 6 cycles (after [11] ). [4] and Oudet [2, 5] where crystalline and amorphous chains are more or less organised in series (paracrystal) or in parallel (ordered domains). Ordered parallel chains (including those in the circles often called oriented amorphous phase) will be considered as crystalline chains from the Raman point of view [9, 10] . On the other hand, other chains will be considered as amorphous. Comparison between the amorphous wavenumber shift measured as a function of the applied stress and the core maximum wavenumber shift measured at the fatigue fracture point for PA 66 fibre ; b) example of the amorphous maximum wavenumber of the "T'" mode measured along line scan along the fibre axis from fracture B point (0 distance) to A point (~1000 μm) and symmetrically; fibre tested for 25x10 6 cycles (after [11] ).
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